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This paper explores AFM-based 3D nanomachining process assisted by ultrasonic vibration. 3D 
structures on polymethyl methacrylate (PMMA) substrates are fabricated by ultrasonic vibration-
assisted nanomachining process. Two fabrication approaches for 3D structures are investigated in this 
study, which are layer-by-layer nanomachining and one pass nanomachining with the depth controlled 
by setpoint force. Critical parameters in the process are identified, including set-point force, overlap 
rate, amplitude of z vibration and machining speed. By regulating these parameters, stair-like 3D 
nanostructures are fabricated by multi-layer machining in Vector mode and Raster scan mode. Using 
different setpoint force for different feature depth, other nanostructures, such as convex and concave 
circles, are fabricated in Raster scan mode from grey-scale image. Under each mode, 3D nanostructure 
over microscale area can be fabricated in just a few minutes with the assistance of high frequency in-
plane circular xy-vibration and ultrasonic tip-sample z-vibration. 
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1 Introduction 
Nanotechnologies have significant impacts in both fundamental and applied research areas ranging 
from electronics and materials to physics, chemistry and biology, such as nanomanipulation (Rubio-
Sierra 2005), nanopatterning (Rosa 1998), nanomachining (Fang 2003), nanosurgery (Firtel 2004), and 
nanodissection (Wen  2004). Tip-based nanomachining (Martín 2005, Martinez 2008, Piner 1999) as a 
low-cost and easy-to-setup nanofabrication technique has been implemented as a direct modification 
tool to modify surface of sample mechanically for making sub-50nm patterns on different types of 
surfaces such as polymers, silicon and aluminum (Wendel 1995, Yan 2007, Göbel 1995, Li 2005, Yan 
2010, Hu 1998, Gozen 2010, Schmid 1998). Scanning probe microscopy (SPM) has been used both as 
an image tool and modification tool (Liu 2007) in tip-based nanomachining including Scanning 
Tunneling Microscopy (STM) and Atomic Force Microscope (AFM). However, it is still challenging 
for high-rate fabrication of 3D nanostructures using SPM because the widely used direct mechanical 
scratching limits the machining speed, performance and results in a large force between tip and surface 
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of sample. The feature created by direct mechanical scratching has a very small depth and width, 
which is inefficient to form 3D nanostructures at large scale. 
Many approaches of fabricating 3D nanostructures were developed, such as e-beam lithography 
(Yamazaki 2004), laser nanopatterning (Li 2011, Ali 2008), focused ion beam (FIB) milling (Nellen 
2006), UV nanoimprint lithography (Lee 2008), colloidal lithography (Yang 2006), anisotropic 
etching (Berenschot 2013) and corner lithography (Berenschot 2008) etc. E-beam lithography can be 
used to fabricate sub-100 nm nanostructures (Yamazaki 2004), but the process of creating 3D structure 
needs the carefully planned sample rotation and controlled beam positioning/dosage after sample 
rotation. The complexity in the process limits the varity of nanostructures, precision and speed of 
fabrication. In laser nanopatterning, feature sizes are limited by wavelength and spot size of laser 
beam. Generally laser sources for nanolithography are costly, have low output power and unstable 
light intensity (Li 2011). Femtosecond pulsed (fs) laser machining can be used to make lines with 500 
nm width on copper surfaces and 800nm width on stainless steel surfaces. However, Features with less 
than 100 nm sizes are extremely difficult to be created with the pulsed laser beam, which has hundreds 
of nm in wavelength. This technique is mostly suited for fabrication of sub-micrometer structures 
other than nanometer scale structures (Ali 2008). FIB milling process creates many discrete 2D 
patterns step by step to achieve 3D structures (Nellen 2006). Redeposition during FIB milling process 
determines the processing order. This process also relies on sample tilt angle for 3D fabrication, since 
different tilt angles provide varying ion sputtering angles for producing different geometrical features 
of the pattern.    
Tip-based 3D nanomachining process has a unique advantage over e-beam lithography, laser 
nanopatterning and many other lithography processes. It is a low-cost, low-effort process, and has 
greater potential to fabricate complex and precise 3D structures. Since AFM can be used as a high-
resolution imaging tool, checking the original surfaces and visualizing final nanostructures before and 
after machining are naturally included in AFM-based machining. Thus it is relatively easy to align 
features on the previous machined surface towards a complex 3D structure. In our previous study, a 
high-rate tunable ultrasonic force regulated nanomachining process based on AFM was innovated 
(Zhang 2012, Zhang 2013). A high frequency circular vibration in the xy plane and an ultrasonic 
frequency vibration in z direction are used to improve the efficiency and performance of the 
nanomachining process. The xy-vibration was utilized to control the width of trenches and increase the 
material removal rate. Ultrasonic z-vibration of the sample and the resulting ultrasonic force between 
sample surfaces and the cantilever tip are used to regulate depth of the machined features. Trenches 
with tens to hundreds of nanometers width and tens of nanometer depth can be fabricated in one 
machining path. Utilizing this process, 3D structures can be fabricated in high speed by adding 3D 
pattern designing procedure before applying the machining process on a desired area. 
In this paper, AFM-based 3D nanofabrication process is developed using an ultrasonic vibration 
assisted nanomachining process. Two machining strategies are used in this newly developed process 
for 3D nanomachining: Vector mode and Raster scan mode. 3D stair-like nanostructures with 3 and 6 
levels of height are fabricated layer-by-layer in both Vector mode and raster scan mode respectively. 
Using different setpoint force for different feature depth, other nanostructures, such as convex and 
concave circles, are fabricated in Raster scan mode from grey-scale image. Critical parameters are 
identified in this 3D nanofabrication process including set-point force, overlap rate, amplitude of z 
vibration and machining speed. These parameters in the 3D nanofabrication process are tuned to 
achieve desired depth of nanostructure. These fabrication results demonstrate the capability of the 
AFM-based ultrasonic vibration assisted nanomachining in 3D nanofabrication.  
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2 Experimental Setup and Process Design 
2.1 Experimental Setup 
The experimental system includes a commercial AFM XE-70 from Park Systems and a customized 
nanovibrator. The nanovibrator provides high frequency circular xy-vibration and ultrasonic z-
vibration between the tip and the sample. Interaction and force between AFM tip and sample surfaces 
can be measured by an optical system and photo detector in AFM. Force signals are transmitted into 
computer to keep constant set point force. The schematic of experimental setup is shown in Fig. 1 (a).  
With the assistance of 4 KHz xy-vibration, AFM tip and sample have a circular motion during 
feeding, which greatly improves machining efficiency, as shown in Fig.1 (b). A virtual tool is formed 
to machine the feature in xy plane, as shown in Fig.1 (c). The diameter of the virtual tool is controlled 
by the amplitude of the xy vibration, which directly regulate the feature width that can be machined in 
one machining pass. Tip-sample z-vibration with 3MHz frequency helps control the depth during 
machining process. When z-vibrator drives samples to a frequency that is less than the resonant 
frequency of the cantilever (f < fr). The cantilever, contacting with the sample surface, follows the 
vibration of samples, as shown in Fig.1 (d). But when z-vibrator drives samples to a frequency that is 
much higher than the resonant frequency of the cantilever (f >> fr), the cantilever is dynamically 
‘freezen’ due to its inertia, and will immerse into sample surfaces, as shown in Fig.1 (e) (Zhang 2012). 
In these experiments, PMMA (950PMMA A4 from Microchem, 4% dilution in anisole) is spin-
coated on a cleaned silicon substrate for 40 s at 4000 RPM to get a film with 200 nm thickness, and 
then baked the wafer at 180 °C for 90 s. A tapping mode silicon probe with a diamond like carbon 
(DLC) coating is used in this study, whose dimension is 225 μm × 38 μm × 7 μm. The nominal 
stiffness of the cantilever is 48 N/m and the resonant frequency is 190 KHz. Images are taken 
immediately after the machining process. Tips used in the machining experiments are also used in 
imaging before and after nanomachining.  
2.2 Experimental Process Design  
The 3D nanomachining approach in this study is developed by integrating ultrasonic vibration 
assisted nanomachining process (Zhang 2012, Zhang 2013) with proper pattern design and control of 
(b) (c) 
(d) (e) 
Fig. 1.    (a) Schematic illustration of experimental setup. (b) Schematic illustration of 
nanomachining assisted by vibration. (c) Virtual tool when tip is vibrated with an xy circular 
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machining procedure. Nanolithography software provided by Park Systems is used to apply 
nanomachining techniques for 3D fabrication. Usually, the AFM is under control for taking an image. 
When used in nanolithography, as soon as the AFM tip approaches close enough to the sample surface 
and reaches the setpoint force set by users, nanolithography functions can be activated for feature 
fabrication by choosing different working modes, designing objects, selecting force values and 
machining speed. In nanolithography, there are two ways to control the tip-sample contact: constant z-
height mode and set point mode, in which constant z-height mode is an open-loop control mode and 
setpoint force mode is a close-loop control mode. Constant z-height mode keeps a constant tip height 
during the machining process and set point force mode keeps the constant force during machining 
process by closed loop control over top-sample contact. Generally it is very difficult to ensure the 
sample is flat without tilting it if we use constant z-height mode. Therefore, we chose the set point 
mode rather than constant z-height mode to apply a given set point force on sample surfaces to control 
the machining depth. Two categories of objects can be designed in nanolithography software: basic 
objects and BMP images. The two categories of objects indicate two working modes (tip motion 
modes): Vector and Raster scan modes, as shown in Fig. 2 (a) and (b).  
In Vector mode, different types of basic shapes can be chosen and combined into desired patterns. 
They are point, line, rectangle, ellipse, polygon and polyline, as shown in Fig. 2 (a). In our 
experiments of fabricating stair-like nanostructures, tens of parallel lines are designed on each layer. 
Distances between adjacent lines are the same. Lines are arranged from left to right and from bottom 
to top. The distance between two lines depends on the width of trench resulting from each line and the 
overlap rate we want to achieve. The width of trench resulting from each line is determined by the 
diameter of the virtual tool created by xy-vibration. Overlap rate is determined by the width of trench 
and the distance between two trenches. In our experiments, we chose 50% as overlap rate and  the 
diameter of virtual tool is around 100nm when the depth of trench is 10 nm. The driving voltage of xy-
vibration is 30mV. So the distance between each two lines is 50 nm. During machining process, AFM 
tip follows the lines one by one according to the sequence of designing. The set point force we choose 
to apply on surface of sample is 200nN. When the tip goes into space or connecting traces among 
those lines, the force applied on sample surfaces changes to the background force (1nN). Not only the 
overlap rate and set point force impact the final results of the nanostructure, the machining speed and 
amplitude of z-vibration also does. Here we choose 1um/s machining speed which corresponds to 0.5 
nm feed per rotation and 3 V driving voltage applying on z-piezo to achieve a certain depth.  
In Raster Scan Mode, complex structures can be designed by simply loading pre-designed BMP 
images into nanolithography software. The grey scale and pixels of BMP images correspond to set 
point force and machining resolution respectively. The brightest color and the darkest color in BMP 
images represent the maximum and minimum set point force respectively, and set point force is 
linearly interpolated by the grey scales. The number of pixels in each column is the number of traces 
Fig. 2.    AFM shapes in (a) Vector mode. (b) Raster 
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the AFM tip scans laterally, which also determines the overlap rate between two adjacent machining 
paths. The pixels in rows determine the accuracy of force changing position under set point force. 
AFM tip follows scanning traces from left side to right side and from top to bottom during machining 
process. The laterally scanning direction is the only direction supported by this mode. 
Basically, there are two strategies for fabricating 3D nanostructures: layer-by-layer machining and 
varying set point force machining. In layer-by-layer machining, the whole nanostructure is fabricated 
by machining several layers one by one but changing the patterns for each layer. In our experiments, 3 
and 6 layers of 3D stair-like structures are made by this technique. During layer-by-layer machining 
process, we can get intermediate imaging results after finishing one layer. So we can make sure the 
modification in the previous step has been finished successfully. For instance, if we want to fabricate a 
stair-like nanostructure with three-level height, the first layer of pattern can be designed with a certain 
number of lines that can cover the desired area. The second and the third layer patterns are fabricated 
by covering part of the pattern from previous steps. In our experiment, 1.5 um × 1 um area contains 30 
lines for the first layer, 20 lines for the second layer and 10 lines for the third layer. Procedures with 
intermediate results are as follows: Machining the first layer with a certain set of parameters; after 
that, reimaging the sample surface; and then applying the same machining parameters on the surface 
for the second layer; repeating procedures mentioned above. After machining each layer, samples can 
be reimaged to inspect the results.  
After ensuring the parameters are suitable for fabricating nanostructures by layer-by-layer 
technique, the entire 3D pattern can be fabricated once and without any interruption during the 
machining process. Procedure details include: 1. Imaging the desired surface area under tapping mode 
by image software; 2. Changing tapping mode to contact mode and approaching tip to the surface with 
background force (1nN); 3. Controlling the AFM with nanolithography software under setpoint force 
mode and designing desired patterns with a certain overlap rate; 4. Applying xy and z vibration; 5. 
Starting processes of machining; 6. Cleaning the sample with ultrasonic agitation; and 7. Inspecting 
the nanostructures after washing process.  
The washing procedures are as follows: first, wash the sample with ultrasonic agitation in 30% wt 
aqueous solution of acetone for 2 minutes. Second, flush the sample with DI water. Finally, wash the 
sample with IPA solution and bake it under 90 °C for 2 minutes. The concentration of the aqueous 
(a) 
Fig. 3. (a) Machining sequences for the first layer. (b) Machining result of layer-by-layer 
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solution of acetone and the washing time length has been tested before applied on samples with results 
on.  
As for varying set point force machining, set point force is changing during the machining process. 
Easier than creating nanostructures layer-by-layer, this technique goes through the BMP image pattern 
once and finishes all the machining processes. The overall procedure is almost the same with layer-by-
layer machining except that a BMP images are used in designing the pattern other than using basic 
geometric components to construct patterns. Both of the two techniques can be used in Vector mode or 
Raster scan mode theoretically. But it is difficult to implement varying set point force technique in 
Vector mode, so we implement layer-by-layer technique in Vector mode. In Raster Scan Mode, 
besides using gray scale imaging for one step machining of 3D structure, mono-colored BMP images 
(and thus constant set point force) can be used for creating each layer for layer-by-layer machining.  
3 Results and Discussion 
The capability of AFM-based 3D nanomachining process assisted by ultrasonic vibration is 
demonstrated by implementing layer-by-layer machining in both Vector mode and raster scan mode 
and varying set point force machining in raster scan mode. All these techniques in different modes 
provide us a variety of approaches to fabricate 3D nanostructures on PMMA films. 
3.1 Stair-like 3D Nanostructure from Vector Mode 
Fig. 3(a) shows machining sequences for the first layer. It specifies a set of parallel lines 
corresponding to the traces of AFM tip. Fig. 3(b), (d) shows the result of stair-like nanostructure with 
three levels of height by layer-by-layer machining and the profile of cross section of the nanostructure. 
3D view of the result is shown as Fig. 3(c). We make this nanostructure using layer-by-layer technique 
in Vector mode. The machining area is 1.5 um × 1 um. Setpoint force we used in this machining 
example is 50 nN and the machining speed is 1 um/s. Driving voltage of xy-vibration and z-vibration 
are 30 mV and 0.5 V respectively. The overlap rate is 50%. The result clearly shows three stairs with 
the depths of three layers at 25 nm, 50nm and 78 nm respectively. Almost same depths (25 nm) are 
achieved for all the three layers. The consistence of depth of each layer demonstrates a good 
machinability of this layer-by-layer machining in Vector mode.  
When using layer-by-layer technique to fabricate 3D patterns, overlap ratio is a critical factor to 
control the flatness of the bottom of nanostructures. When the overlap ratio is negative percentage, gap 
between two machining paths becomes larger than the diameter of the virtual tool. The un-machined 
areas will degrade the uniformity of the machined surface. While the overlap rate is too large (>60%), 
the current machined feature is overlapped significantly with the previously machined features, and a 
wedge shape nanostructure will be produced instead of a flat structure at each layer. Other parameters 
also impact the machining result, including the amplitude of z-vibration and machining speed. 
Increasing the amplitude of z-vibration helps to increase the depth of trench for each machining layer, 
thus increase the dimension of final nanostructure in z direction. Decreasing machining speed and 
increasing set point force also have the same effect.  
3.2 Machining Results from Raster Scan Mode 
In Raster scan mode, the amplitude of xy-vibration is calibrated carefully to obtain a desired pixel 
dimension in the BMP image. The overlap between two neighboring pixels is about 80% to obtain 
good machining uniformity, which is larger than the overlap ratio in Vector machining mode. The 
difference in the overlap ratio is mainly come from the different machining directions. In the Raster 
scan mode, the cantilever is scanned in the lateral direction, which has a lower stiffness due to 
(c) 
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torsional motion, thus a large overlap ratio is required to produce a similar feature from machining 
along the length direction of the cantilever. The area for machining is 1.5 um × 1.5 um. Set point force 
is 150 nN and the cutting speed is 2 um/s. Driving voltages of xy-vibration and z-vibration are 30 mV 
and 3 V respectively. In this mode, schematic of layer-by-layer based 3D fabrication process of 6 
layers nanostructure is shown in Fig. 4(a). A 3D stair-like structure with six levels of height after 
machining and washing are produced, as shown in Fig. 4(b).  Fig. 4(d) is the profile of cross section 
which shows that the result is a 3D nanostructure with clear 6 layers. Fig. 4(c) shows the result in a 3D 
view. Depth of each layer increases by 10 nm. Widths of each stair are around 250 nm. This result 
fabricated with layer-by-layer technique demonstrates the capability of this fabrication process in 
Raster scan mode.  
For the 3D nanomachining with depth regulated by the setpoint force in raster scan mode, the 
desired machining pattern is a BMP image, such as a concave circle in a square, as shown in Fig. 5(a). 
The schematic of force applied on the sample surface according to the grey scale is shown in Fig. 5(b). 
White and black regions of the image correspond to the maximum set point force of 150 nN and 
minimum set point force of 5 nN respectively. The force will be dynamically changed for the pixels 
with different grey scale color. In this case, force can be easily set and adjusted through the machining 
process. The result after fabrication, corresponding to the BMP image of a concave circle pattern is 
shown in Fig. 5(c). Similarly a convex circle fabricated by simply swapping white and black colors in 
BMP image is shown in Fig. 5(d). The results show the 3D machining capability of using varying set 
point force technique in Raster scan mode. 
4 Conclusions 
In this paper, an AFM-based 3D nanofabrication process is developed, which is assisted by 
ultrasonic vibration to improve the performance of the nanomachining process. We developed two 
working modes in this nanomachining process to produce 3D structures. The first method is Vector 
Fig. 4.    (a) Schematic of layer-by-layer based 3D fabrication process of 6 layers nanostructure. 
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mode. Under this mode, AFM tip goes through the pre-designed trajectory one by one to create 
nanopatterns at different layers. The other mode is Raster scan mode. Under this mode, 3D 
nanostructures can machined from a BMP image, which is designed and loaded into nanolithography 
software to produce desired patterns. We design two patterns including mono-color BMP images for 
stair-like nanostructures and varying grey scale BMP images which corresponds to varying set point 
force value. Stair-like structures with 6 levels of height, convex and concave circle nanostructures are 
fabricated by layer-by-layer technique and by varying set point force technique respectively. Critical 
parameters are identified in this process including overlap ratio, set-point force, amplitude of z 
vibration, and machining speed. By regulating these crucial parameters, a set of nanostructures with 
3D features were fabricated successfully. These nanostructures demonstrate the capability of this 
AFM-based ultrasonic vibration assisted nanomachining process in 3D nanofabrication.  
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